I. INTRODUCTION
O PTICAL wireless systems have emerged as promising alternatives to many established radio-frequency (RF) wireless systems that use Wi-Fi, radio-frequency identification (RFID), or cellular technologies. Optical wireless systems can support increased security, freedom from spectral licensing, broad bandwidths, and even reduced power consumption, when piggybacked on existing room lighting systems [1] - [6] .
Optical wireless devices are applied in optical wireless communication (OWC) systems [1] - [6] , for high-speed indoor data links, and optical wireless location (OWL) systems [7] - [11] , for high-precision indoor positioning. Positioning applications, such as asset tracking [12] and robot navigation [13] , often demand centimetre-scale accuracy and are applied with a fixed grid of optical beacons (transceivers) and a mobile receiver below the grid [14] , [15] . Optical beacons can be white LEDs for piggybacking with visible lighting grids [7] - [13] or infrared LEDs for dedicated positioning grids [16] . The typical image receiver has an image sensor [6] , [10] , [11] , with a lens above a CMOS array. The image receiver's angular field-of-view (FOV), typically at or below 45° [10] , [11] , is a key metric for optical wireless performance, and the angular FOVs of optical wireless receivers are a primary focus of this study. Ultimately, optical wireless receivers with microlenses having large angular FOVs and compact profiles can more readily support optical wireless applications.
Image receivers often acquire positions by angle of arrival (AOA) measurement. The image receiver observes an incident AOA from an optical beacon, with the AOA quantified by its azimuthal, φ, and polar, θ , angles. The AOA defines a line of position (LOP), i.e., a vector, from the optical beacon to the image receiver. The LOPs from three or more measured AOAs are then used to triangulate the three-dimensional (3-D) position of the image receiver, as the intersection of the LOPs.
There is a fundamental link in AOA positioning between the optical beacon geometry and positioning errors. Closely-spaced optical beacons have nearly parallel LOPs that intersect at acute angles, yielding large positioning errors during triangulation, while widely separated optical beacons have nearly orthogonal LOPs that intersect at obtuse angles, yielding small positioning errors during triangulation. The link between optical beacon geometry and positioning errors is defined by dilution of precision (DOP) [17] . For optical wireless positioning, DOP suggests that image receivers with wide angular FOVs, and the ability to image optical beacons over wide separations, form reduced positioning errors.
In this work, AOA characteristics are studied for positioning in an OWL system having two distinct image receivers. The first image receiver has a wide-FOV microlens, with a 95°angular FOV. The second image receiver has an ultrawide-FOV microlens, with a 130°angular FOV. Full AOA and DOP characterizations are carried out. It is found that the image receiver with the ultrawide-FOV microlens enables improved (lower) DOP and reduced overall positioning errors.
II. ANGLE OF ARRIVAL CHARACTERIZATION
The OWL system studied here employs image receivers below an optical beacon grid. Each observed optical beacon yields an AOA, with azimuthal, φ, and polar, θ , angles defined in the image receiver's (x , y , z ) body frame coordinates. The receiver's position in the optical beacon grid's (x, y, z) global frame coordinates is then found by measuring AOAs from multiple optical beacons and triangulating with the LOPs. The positioning errors will depend on AOA errors of the φ and θ measurements, and these AOA errors are characterized here. The AOA characterization is carried out for the image receivers in Fig. 1 . Fig. 1(a) shows the image receiver with a wide-FOV microlens. The wide-FOV microlens is fabricated by electro-dispensing and curing a UV-curable polymer (NOA 68) on a 130-μm-thick glass cover-plate, yielding a microlens with a radius of r = 400 μm and contact angle of α = 30°. Fig. 1(b) shows the image receiver with an ultrawide-FOV microlens. The ultrawide-FOV microlens is fabricated by electro-dispensing and curing a UV-curable polymer (NOA 68) on a 130-μm-thick glass cover-plate, yielding a microlens with a radius of r = 250 μm and contact angle of α = 90°. Details on voltage-tuned microlens formation during electro-dispensing are shown elsewhere [18] . Scanning electron microscope (SEM) images of the wide-and ultrawide-FOV microlenses are shown at the bottom of Figs. 1(a) and (b), respectively. CMOS image arrays, with 290-μm-thick glass cover-plates, are set in the focal planes of the microlenses. (The microlenses are mounted with the lens toward the image sensor to accommodate their short focal lengths and avoid the need to use especially thin cover-plates.) It is found that the CMOS array's 6 μm pixel side-length, being less than the typical 20 μm focal spot size, has minimal contributions to the AOA error. It is found that the microlenses exhibit negligible chromatic aberration, for the 400-700 nm spectral range of the employed LEDs (OPTEK Technology OVS5MxBCR4), and the AOA error is independent of the incident optical intensity, for a minimum intensity of 1 nW/cm 2 . For this intensity, LED optical beacons can be deployed with powers of 1-10 mW, in grids with heights of roughly 3 m and transverse dimensions of roughly 3 m × 3 m. In general, the angular characterizations of this work can be mapped to an operational environment with a linear scaling of LED power and grid area.
For the above receivers, an optical beacon's AOA is defined in the (x , y , z ) body frame coordinates of the image receiver, with the CMOS array in the x y plane. The AOA is quantified in terms of its azimuthal angle, φ = arctan(y /x ), and polar angle, θ = arccos[z /(x 2 + y 2 + z 2 )
1 / 2 ]. The AOA is measured from the focal spot location on the CMOS array, which is defined by its azimuthal angle, φ IS , from the x -axis, and its radial distance, ρ IS , from the microlens centre. Azimuthal and polar characterizations are carried out in an optical wireless testbed to measure φ IS and ρ IS values for true φ and θ values. The azimuthal characterization results are shown in Fig. 2 . Figs. 2(a) and (b) show φ versus φ IS for the image receivers with the wide-and ultrawide-FOV microlenses, acquired with polar angles spanning θ = 15°to 50°. Both image receivers show linearity in φ versus φ IS , due to negligible astigmatism in the microlenses. For both image receivers, the linear transformation from the focal spot location on the image sensor to the desired AOA angle is simply φ ≈ φ IS − 180°, as expected for the inverted image of a plano-convex lens. At small θ , however, with optical beacons nearly overhead, the linearity weakens, due to pixel quantization, so the azimuthal error, φ, grows. For both microlenses, φ ≈ 0.5°is deemed to be acceptable, and this error is set as an upper limit by estimating φ only when a polar angle is greater than θ ≈ 3°.
The polar characterization results are shown in Fig. 3 . Fig. 3(a) shows θ versus ρ IS /r for the image receiver with the wide-FOV microlens. Fig. 3(b) shows θ versus ρ IS /r for the image receiver with the ultrawide-FOV microlens. For the desired linear transformation from ρ IS to θ , imaging is restricted to the linear regime, seen as solid circles. Imaging beyond the linear regime, seen as hollow circles, distorts the focal spots due to coma-induced flaring. This comatic aberration makes it increasingly challenging to measure ρ IS , as the centre of a focal spot, leading to an increasing polar error, θ . Thus, a polar error of θ ≈ 0.5°is deemed to be acceptable, and this error is met by estimating polar angles only for θ < 47.5°(wide-FOV microlens) or θ < 65°( ultrawide-FOV microlens).
Given the lower (azimuthal-limited) and upper (polar-limited) restrictions on the polar angle, θ , the image receivers with the wide-and ultrawide-FOV microlens are operated in the ranges 3°< θ < 47.5°a nd 3°< θ < 65°, respectively. This leads to angular FOVs of 2×47.5°≈ 95°and 2×65°≈ 130°for the wide-and ultrawide-FOV microlenses, respectively, with an AOA error of θ ≈ φ ≈ 0.5°in these ranges.
III. DILUTION OF PRECISION CHARACTERIZATION
The degree to which AOA errors, φ and θ , lead to positioning errors is set by DOP, which is a function of the optical beacon geometry. DOP is defined as a ratio of standard deviations of positioning error, σ P , to AOA error,
where H is a matrix containing partial derivatives of AOA angles (φ, θ) with respect to the dimensions of the image receiver's position (x, y, z), trace[·] is the trace operator, and [·] T is the transpose operator [17] . For closely-spaced optical beacons, the LOPs are nearly parallel at their intersection, i.e., acute, yielding a large DOP and positioning error, σ P . For widely-spaced optical beacons, the LOPs are nearly perpendicular at their intersection, i.e., obtuse, yielding a small DOP and positioning error, σ P . It is for this reason that improved performance is seen for image receivers with broad angular FOVs, as they more readily image widelyseparated optical beacons. The distinction in performance can be seen by characterizing DOP and positioning error for optical beacon grids that are tailored for operation with the wide-and ultrawide-FOV microlenses. DOP and positioning error characterization is carried out in the optical wireless testbed, with nine overhead LED optical beacons arrayed across a grid with a height of h and a pitch of p = 150 cm. In the (x, y, z) global frame coordinates, the LED optical beacons are at ( and ( p, − p, h) . The DOP is calculated for image receivers positioned in the z = 0 plane.
The DOP characterization and positioning error are seen in Fig. 4 . The DOP is shown versus x and y, in the z = 0 plane, in units of cm/deg, while positioning error is shown as a standard deviation, in units of cm. For a fair comparison of the image receivers, with differing angular FOVs, the optical beacon grid heights are set at maximum values, such that each image receiver images the entire optical beacon grid while positioned in a corner, e.g., an image receiver at ( p, p, h) images the optical beacon at (− p, − p, h) at the limit of its angular FOV. Fig. 4(a) shows DOP for the image receiver with the wide-FOV microlens. The height between the image receiver and optical beacon grid is h = 400 cm, as this allows the wide-FOV microlens to image the full optical beacon grid, at the limit of its angular FOV. Fig. 4(b) shows DOP for the image receiver with the ultrawide-FOV microlens. The height between the image receiver and optical beacon grid is h = 200 cm. This allows the ultrawide-FOV microlens to image the full optical beacon grid, at the limit of its angular FOV.
A comparison of Figs. 4(a) and 4(b) illustrates the effects of DOP. The first effect relates to the numerical scale of the DOP. The DOP of the image receiver with the ultrawide-FOV microlens is approximately two-times lower than that of the image receiver with the wide-FOV microlens. At the centre of the grid, the wide-FOV microlens yields a maximum DOP of 6.8 cm/deg, while the ultrawide-FOV microlens yields a minimum DOP of 2.8 cm/deg. This leads to a proportional decrease in positioning error for the image receiver with the ultrawide-FOV microlens. The second effect relates to the concavity of the DOP surfaces at the centre of the grid. The DOP for image receivers with wide-and ultrawide-FOV microlenses are concave-down and (slightly) concave-up, respectively. This difference is due to the link between angular FOVs and LOPs. The DOP in Fig. 4(a) has LOPs that are largely parallel at (0, 0, 0), and outward translations have the LOPs become increasingly orthogonal. In contrast, the DOP Fig. 4(b) has LOPs that are largely orthogonal at (0, 0, 0), and outward translations have the LOPs become increasingly parallel, to the (slight) detriment of DOP.
Mean DOP values are calculated across the z = 0 plane and are shown in Fig. 5 as a function of the height, h. In general, it is seen that a low height, h, with respect to the pitch, p, yields a low mean DOP. It must be noted, however, that AOA positioning at a low height, h, with respect to the pitch, p, demands a sufficiently broad angular FOV. For this study, the image receivers with wide-and ultrawide-FOV microlenses can operate with heights as low as h ≈ 2.67 p ≈ 400 cm and h ≈ 1.33 p ≈ 200 cm, and this leads to mean DOP values of 6.5 cm/deg and 3.0 cm/deg, respectively.
IV. POSITIONING ACCURACY
The prior results from AOA and DOP characterizations can be merged to quantify the positioning errors for image receivers with the wide-and ultrawide-FOV microlenses. This is done by calculating the positioning error, σ P , as the product of AOA error, i.e., standard deviation, σ A , and DOP. The resulting positioning error, σ P , is shown in Fig. 4 versus the x and y global frame coordinates in the z = 0 plane and in Fig. 5 as a mean value, having been average across the z = 0 plane. The positioning error characteristics mimic those of the DOP. The image receiver with the ultrawide-FOV microlens is better able to image widely-separated optical beacons, i.e., operate at a lower height, h, with respect to the pitch, p, when compared to the image receiver with the wide-FOV microlens. This has the image receiver with the ultrawide-FOV microlens operate with a mean positioning error of only σ P ≈ 1.5 cm, while the image receiver with a wide-FOV microlens operates with a larger mean positioning error of σ P ≈ 3.2 cm.
V. CONCLUSION
In this work, image receivers with wide-and ultrawide-FOV microlenses were fabricated and studied. An AOA characterization defined their AOA error at 0.5°. A DOP characterization quantified geometrical effects of the optical beacon grid. The image receiver with the ultrawide-FOV microlens was found to more readily image widely-separated optical beacons, at reduced grid heights, and this led to a lower mean DOP (3.0 cm/deg) and positioning error (1.5 cm), when compared to the mean DOP (6.5 cm/deg) and positioning error (3.2 cm) of the image receiver with the wide-FOV microlens. Such results outperform contemporary RF positioning systems [12] , [13] . These findings can aid the design of image receivers with improved performance in future OWL systems.
